Introduction {#ejoc201701030-sec-0010}
============

A limitation in examining new, challenging pharmaceutical targets is the availability of innovative, novel fragments and building blocks that possess desirable physicochemical properties, and sample new regions of chemical space.[1](#ejoc201701030-bib-0001){ref-type="ref"} Recent years have seen a focus on smaller, more polar compounds and less planar, sp^3^‐rich derivatives containing fewer aromatic rings, perceived to be more likely to successfully progress through drug development.[2](#ejoc201701030-bib-0002){ref-type="ref"}, [3](#ejoc201701030-bib-0003){ref-type="ref"} New synthetic strategies and methods can enable chemical space to be probed more effectively by enriching current lead‐like and fragment compound libraries with compounds that can present new design elements and novel bond vectors.[1](#ejoc201701030-bib-0001){ref-type="ref"}, [4](#ejoc201701030-bib-0004){ref-type="ref"}, [5](#ejoc201701030-bib-0005){ref-type="ref"}

Late‐stage compound attrition, particularly within phase II and phase III clinical trials, is extremely costly to the drug discovery industry, with the cost of ensuring appropriate molecular properties at a much earlier stage of development being significantly lower.[6](#ejoc201701030-bib-0006){ref-type="ref"} Hence, attractive screening collections can offer significant value. Considerable effort has been expended in developing guidelines to describe and influence compound collections, which are frequently used to aid in the development of a compound, aiming to predispose derivatives to fall into regions of desirable chemical space.\[[3a](#ejoc201701030-bib-0003){ref-type="ref"}\], [7](#ejoc201701030-bib-0007){ref-type="ref"} Relevant parameters of interest include lipophilicity (Log P), molecular weight (M~W~), number of rotatable bonds, polar surface area (PSA) and the numbers of hydrogen‐bond donors and acceptors (HBD/HBA), and consideration of these has given rise to the terms drug‐like, lead‐like and fragment to describe screening compounds.[7](#ejoc201701030-bib-0007){ref-type="ref"}, [8](#ejoc201701030-bib-0008){ref-type="ref"}

The cyclopropane motif is highly significant in drug discovery as the 10^th^ most frequently found ring system in small molecule drugs.[9](#ejoc201701030-bib-0009){ref-type="ref"}, [10](#ejoc201701030-bib-0010){ref-type="ref"} It is also present in a variety of biologically active natural products and other medicinally‐important molecules (Figure [1](#ejoc201701030-fig-0001){ref-type="fig"}).[11](#ejoc201701030-bib-0011){ref-type="ref"}, [12](#ejoc201701030-bib-0012){ref-type="ref"} Substituted cyclopropanes present a well‐defined 3‐dimensional shape, conformational rigidity, and electronic properties in between that of an alkene and a *gem*‐dimethyl group, for example, as a result of the small strained ring structure.

![Selected cyclopropane‐containing natural products and pharmaceutical compounds.](EJOC-2017-5015-g001){#ejoc201701030-fig-0001}

The synthesis of cyclopropane derivatives has been extensively investigated, exploiting numerous powerful synthetic methods (Figure [2](#ejoc201701030-fig-0002){ref-type="fig"}a).[13](#ejoc201701030-bib-0013){ref-type="ref"} Cyclopropanes bearing functional groups have been generated through Simmons--Smith cyclopropanation,[14](#ejoc201701030-bib-0014){ref-type="ref"}, [15](#ejoc201701030-bib-0015){ref-type="ref"} transition metal‐catalyzed carbene insertion to alkenes using diazo compounds,[16](#ejoc201701030-bib-0016){ref-type="ref"}, [17](#ejoc201701030-bib-0017){ref-type="ref"} and the reaction of sulfur ylides with electron deficient alkenes.[18](#ejoc201701030-bib-0018){ref-type="ref"} Furthermore, the cross‐coupling of cyclopropyl organometallic or (pseudo)halide species has been exploited as a more divergent approach to cyclopropane derivatives through functionalization of the ring.[19](#ejoc201701030-bib-0019){ref-type="ref"} Most recently this has been extended to include powerful C--H functionalization methods.[20](#ejoc201701030-bib-0020){ref-type="ref"}

![Strategies for the synthesis of cyclopropanes and designed bifunctional cyclopropane building blocks.](EJOC-2017-5015-g002){#ejoc201701030-fig-0002}

We proposed that a divergent route to cyclopropane containing lead‐like compounds and fragments would present a valuable approach to a novel screening collection. Furthermore, this approach would provide interesting building blocks that may be more generally applicable for the construction of cyclopropane derivatives. As such we targeted small bifunctional cyclopropane‐containing scaffolds (Figure [2](#ejoc201701030-fig-0002){ref-type="fig"}b).

Here we report the development of (*E*)‐ and (*Z*)‐ethyl 2‐(phenylsulfanyl)‐cyclopropane‐1‐carboxylate as cyclopropane scaffolds and extensive studies on the bidirectional functionalization. Derivatization of these scaffolds affords a collection of lead‐like and fragment compounds as well as further building blocks for the preparation of cyclopropane derivatives. Highlights include a cobalt‐catalyzed cyclopropanation of phenyl vinyl sulfide, formation of amido‐cyclopropyl sulfones, and generation of cyclopropyl Grignard reagent through sulfoxide--metal exchange followed by reaction with various electrophiles and use in Pd‐catalyzed Negishi cross‐coupling reactions. Finally, we present analysis on the physicochemical properties and molecular shape of the compounds prepared, to illustrate that these scaffolds afford medicinally relevant, non‐planar compounds that occupy desirable chemical space.

Results and Discussion {#ejoc201701030-sec-0020}
======================

Scaffold Design and Hypothesis {#ejoc201701030-sec-0030}
------------------------------

We envisaged that a wide variety of medicinally‐relevant cyclopropane‐containing compounds could be prepared in a divergent manner from a single central bifunctional cyclopropyl scaffold. For this we required a low molecular weight scaffold that could be easily derivatized to lead‐like compounds or fragments, and functionalized in two directions, ideally through bond formation to the cyclopropane ring itself. The two scaffold functionalities should undergo derivatization orthogonally, granting access to a wide and diverse scope of functionality on the ring. We considered (*E*)‐ and (*Z*)‐ethyl 2‐(phenylsulfanyl)‐cyclopropane‐1‐carboxylates would meet these criteria, and provide suitable building blocks through functionalization of the ester or sulfide groups (Figure [2](#ejoc201701030-fig-0002){ref-type="fig"}c). Especially valuable would be the potential to convert the sulfide to the sulfoxide and exploit sulfoxide--magnesium exchange to form bonds directly to the cyclopropane ring.[21](#ejoc201701030-bib-0021){ref-type="ref"}, [22](#ejoc201701030-bib-0022){ref-type="ref"}, [23](#ejoc201701030-bib-0023){ref-type="ref"} Both the *E*‐ and *Z*‐diastereoisomers were of interest, possessing very different bond vectors, to increase the shape diversity of the compounds. Hence, the first objective was to prepare these building blocks on a large scale.

Cyclopropanation of Phenyl Vinyl Sulfide {#ejoc201701030-sec-0040}
----------------------------------------

To generate cyclopropyl scaffolds **1** and **2** we envisaged the reaction of phenyl vinyl sulfide (PVS) with ethyl diazoacetate (EDA) in a transition metal‐catalyzed cyclopropanation (Scheme [1](#ejoc201701030-fig-0007){ref-type="fig"}). The only prior report of the cyclopropanation of PVS with EDA was in 1962; an uncatalyzed reaction requiring heating of the neat reactants at 100 to 170 °C in a sealed vessel.[24](#ejoc201701030-bib-0024){ref-type="ref"}, [25](#ejoc201701030-bib-0025){ref-type="ref"}, [26](#ejoc201701030-bib-0026){ref-type="ref"} In search of less hazardous, lower temperature reaction conditions suitable for multi‐gram scale, transition metal catalysts were investigated. Initially complexes of Pd^0^, Rh^0^, Cu^I^ and Cu^II^ were explored for catalytic activity (see the Supporting Information for further details).

![Proposed synthesis of *E*‐ and *Z*‐cyclopropyl scaffolds.](EJOC-2017-5015-g007){#ejoc201701030-fig-0007}

From the initial screening, only Cu^I^OTf (0.5 mol‐%) promoted the reaction effectively, and a yield of up to 54 % was obtained by running the reaction in CHCl~3~ at 30 °C with a slow addition of the diazo compound. A mixture of *trans* and *cis* substituted cyclopropanes were formed in a 1:1 ratio. These were readily separated to single diastereoisomers. However, the relatively low yield and exacting practical considerations detracted from the reaction convenience and this approach was not suitable for scale‐up. Pleasingly on further investigation, Co^II^--(salen)‐type complex **3** was found to catalyze the desired cyclopropanation (Scheme [1](#ejoc201701030-fig-0007){ref-type="fig"}).[17](#ejoc201701030-bib-0017){ref-type="ref"}, [27](#ejoc201701030-bib-0027){ref-type="ref"} The use of 5 mol‐% of the Co^II^ complex, in CH~2~Cl~2~ at 40 °C gave 40 % yield in 24 h (Table [1](#ejoc201701030-tbl-0001){ref-type="table-wrap"}, entry 1). As has been observed with other Co‐catalyzed cyclopropanation reactions using diazo compounds,[17](#ejoc201701030-bib-0017){ref-type="ref"} the reactions were facile to set up and the catalyst was easily stored and did not result in dimerization of the diazo reagent under the reaction conditions, removing the need for a slow addition protocol.

###### 

Effect of solvent and reaction scale on the Co^II^‐catalyzed cyclopropanation reaction

  Entry[a](#ejoc201701030-note-0001){ref-type="fn"}   Solvent      *dr*                                                Yield **1** + **2**
  --------------------------------------------------- ------------ --------------------------------------------------- ----------------------------------------------------------------------------------------------
  1                                                   CH~2~Cl~2~   52:48                                               40
  2                                                   CHCl~3~      48:52                                               13
  3                                                   toluene      45:55                                               53
  4                                                   benzene      48:52                                               73
  5                                                   TBME         48:52                                               69
  6                                                   neat         46:54                                               93
  7                                                   H~2~O        47:53                                               100
  8[d](#ejoc201701030-note-0004){ref-type="fn"}       Neat         53:47[e](#ejoc201701030-note-0005){ref-type="fn"}   70[f](#ejoc201701030-note-0006){ref-type="fn"}
  9[g](#ejoc201701030-note-0007){ref-type="fn"}       Neat         52:48[e](#ejoc201701030-note-0005){ref-type="fn"}   46[f](#ejoc201701030-note-0006){ref-type="fn"}
  10[d](#ejoc201701030-note-0004){ref-type="fn"}      H~2~O        45:55[e](#ejoc201701030-note-0005){ref-type="fn"}   85[f](#ejoc201701030-note-0006){ref-type="fn"}
  11[h](#ejoc201701030-note-0008){ref-type="fn"}      H~2~O        46:54[e](#ejoc201701030-note-0005){ref-type="fn"}   89[f](#ejoc201701030-note-0006){ref-type="fn"}, [i](#ejoc201701030-note-0009){ref-type="fn"}

Reaction conditions: EDA (0.3 mmol); PVS. (1.5 equiv.), catalyst **3** (5 mol‐%), solvent, 40 °C, 24 h.

Calculated from the crude reaction mixture by ^1^H NMR unless stated otherwise.

Yields were calculated using ^1^H NMR by comparison with an internal standard (dibenzyl ether) unless stated otherwise.

10 mmol scale.

*dr* from isolated masses.

Combined yield of separated isolated products.

20 mmol scale.

40 mmol scale.

Corresponds to 7.9 g of product (**1** + **2**).

John Wiley & Sons, Ltd

To optimize the promising Co^II^‐catalyzed reaction a solvent screen was conducted (Table [1](#ejoc201701030-tbl-0001){ref-type="table-wrap"}). Cyclopropanes **1** and **2** were observed under each set of conditions tested (Entries 1--7), but the reaction was most efficient in the absence of a solvent (Entry 6) or on water, which gave quantitative yield (Entry 7). Both *E*‐ and Z‐products were formed in approximately equal amounts providing both diastereoisomers for further functionalization, as was desired for a divergent strategy.

Excellent yields were observed both for the reaction without solvent or run on H~2~O, up to a 10 mmol scale (Table [1](#ejoc201701030-tbl-0001){ref-type="table-wrap"}, entries 6--8, 10). However, when the neat cyclopropanation was carried out at scales greater than 10 mmol, an exotherm was observed with concomitant gas evolution and a significant decrease in yield (Table [1](#ejoc201701030-tbl-0001){ref-type="table-wrap"}, entry 9). This was not observed when the reaction was carried out on water, and under these conditions reaction on a 40 mmol scale afforded excellent yields without indication of a significant increase in temperature.

Purification and separation of the diastereoisomers was facile on smaller scales, but on larger scale, separation of a catalyst derived impurity became problematic. This was resolved through modification of the work‐up procedure: bubbling air through a diluted reaction mixture oxidized the remaining Co^II^ catalyst to a putative Co^III^--peroxo‐bridged dimer[28](#ejoc201701030-bib-0028){ref-type="ref"} which was simply removed by filtration through a pad of silica. The rate of Co^II^ oxidation was highly dependent on the diluent due to different oxygen permeability, dissolution capability and coordinating effects of the solvents, with isohexane performing best (see the Supporting Information for further details).[29](#ejoc201701030-bib-0029){ref-type="ref"} This protocol, diluting the reaction with isohexane then bubbling air through the solvent for 15 min followed by filtration through silica, enabled facile removal of the catalyst and derived impurities and then separation of the diastereoisomers by flash chromatography. Approximately 4 g of each separated diastereoisomer was readily formed in a single run (Table [1](#ejoc201701030-tbl-0001){ref-type="table-wrap"}, entry 11).

The enantiomers of both diastereoisomers were also readily separated by preparative chiral supercritical fluid chromatography (SFC) to afford all four possible stereoisomers, each in ≥ 97 % *ee*. Whereas the sulfides were oils, the corresponding cyclopropyl sulfones (vide infra) were crystalline. Absolute configurations and structural confirmation of the sulfones and hence precursor sulfides was proven through single‐crystal X‐ray diffraction analysis (Figure [3](#ejoc201701030-fig-0003){ref-type="fig"}).[30](#ejoc201701030-bib-0030){ref-type="ref"}

![Enantiomerically pure cyclopropyl sulfides were obtained by preparative chiral SFC and analysed by X‐ray crystallography of the corresponding sulfones.](EJOC-2017-5015-g003){#ejoc201701030-fig-0003}

This separation approach provided highly enantioenriched compounds **1** and **2**, hence granting access to each derivative as a single enantiomer. As an alternative approach to generate the enantioenriched cyclopropane derivatives, chiral Cu^I^ and Co^II^ catalysts were investigated (see the Supporting Information for further details). Enantioenriched catalyst **3** afforded moderate *ee* values for both the *trans* and *cis* compounds (52 % *ee* **1** and 77 % *ee* **2**, in H~2~O at 20 °C, 57 % overall yield). However, this was not the focus of this study, and for the derivatization reactions presented below the racemate was used to form a racemic screening set.

Sulfide Oxidation and Ester Functionalization {#ejoc201701030-sec-0050}
---------------------------------------------

With a practical, high yielding and scalable route to cyclopropyl scaffolds **1** and **2**, functionalization of the sulfide and ester groups was examined. Oxidation of the sulfide to the sulfone was readily achieved in quantitative yield using excess *m*CPBA (Scheme [2](#ejoc201701030-fig-0008){ref-type="fig"}). This provided a short route to the functionalized cyclopropyl sulfone derivatives as single diastereoisomers, themselves interesting motifs in biologically active compounds.[31](#ejoc201701030-bib-0031){ref-type="ref"}, [32](#ejoc201701030-bib-0032){ref-type="ref"} Using 1 equiv. *m*CPBA at 0 °C gave sulfoxides **6** and **7** in high yields as a mixture of diastereoisomers at sulfur,[33](#ejoc201701030-bib-0033){ref-type="ref"}, [34](#ejoc201701030-bib-0034){ref-type="ref"} and as important compounds for our envisaged sulfoxide exchange strategy.

![Scaffold derivatization by oxidation, reduction or hydrolysis.](EJOC-2017-5015-g008){#ejoc201701030-fig-0008}

The ethyl ester was readily hydrolyzed to the carboxylic acid using sodium hydroxide, for both diastereoisomers (Scheme [2](#ejoc201701030-fig-0008){ref-type="fig"}). Alternatively, reduction with LiAlH~4~ gave the primary alcohol‐cyclopropyl sulfide in high yields. To form the cyclopropyl amides, the cyclopropyl carboxylate salt was reacted directly, using a method described by Batey.[35](#ejoc201701030-bib-0035){ref-type="ref"} Under the same conditions used for hydrolysis above, the reaction mixture was evaporated to form the carboxylate salt in quantitative yield, which was itself characterized. This was applied directly in a HATU‐promoted amidation reaction to form a series of amides **14a**--**14d** from *trans*‐cyclopropane **1**, and **15a**--**15d** from *cis*‐**2**. Such motifs are widely found in biologically active molecules (for example see Figure [1](#ejoc201701030-fig-0001){ref-type="fig"}). A selection of the resulting cyclopropyl amides was oxidized to the corresponding sulfones to generate further interesting compounds with desirable physicochemical properties for drug discovery (**16c**,**d** and **17c**,**d**). For compounds **16c** and **17c**, aqueous work‐up proved problematic due to high water solubility. This issue was overcome by an aqueous‐free work‐up. Excess *m*CPBA was quenched by the addition of solid Na~2~S~2~O~5~ to the reaction, which was followed by removal of the reaction solvent, redissolution in acetone containing 5 % Et~3~N and filtration. Under this procedure, after collection of the filtrate, all *m*CPBA derived materials had been removed, providing the sulfones in excellent purity and yield. All of the transformations described were achieved without any epimerization to the corresponding diastereoisomers, as indicated by ^1^H NMR (Scheme [3](#ejoc201701030-fig-0009){ref-type="fig"}).

![Synthesis of amide‐substituted cyclopropanes through amidation and oxidation. Yields for **14**/**15** quoted over 2 steps from **1**/**2**.](EJOC-2017-5015-g009){#ejoc201701030-fig-0009}

Stability and Reactions of Cyclopropylmagnesium Reagents Generated by Sulfoxide--Magnesium Exchange {#ejoc201701030-sec-0060}
---------------------------------------------------------------------------------------------------

A key aspect of our approach was that for increased diversity, the position of the sulfur group should be functionalizable, through its removal, in order to form bonds directly to the cyclopropyl ring. We intended to utilize cyclopropyl sulfoxides, and a sulfoxide--metal exchange strategy to allow functionalization of the anion.

Sulfoxide--metal exchange has been used to generate three‐membered ring organometallics, in the form of cyclopropanes,[21](#ejoc201701030-bib-0021){ref-type="ref"}, [36](#ejoc201701030-bib-0036){ref-type="ref"} aziridines,[22](#ejoc201701030-bib-0022){ref-type="ref"} and epoxides,[23](#ejoc201701030-bib-0023){ref-type="ref"} for reaction with limited examples of reactive electrophiles or protonation. Knochel has previously reported halogen--metal exchange to generate *cis*‐\[2‐(ethoxycarbonyl)‐cyclopropyl\]magnesium chloride,[37](#ejoc201701030-bib-0037){ref-type="ref"}, [38](#ejoc201701030-bib-0038){ref-type="ref"} comparable to the Grignard reagent that would be generated from **2** by sulfoxide--magnesium exchange. In the Knochel work, coordination between the ester and the Lewis acidic magnesium atom was proposed. Therefore, we concentrated our efforts on optimizing the exchange for the *trans*‐derivative, where such a potentially stabilizing interaction would not be possible.

Early investigation of this reaction showed that *i*PrMgCl formed the putative cyclopropyl Grignard reagent **18** from cyclopropane **6** efficiently at --78 °C, also generating isopropyl phenyl sulfoxide. Trapping the intermediate using I~2~ gave cyclopropyl iodide **19a** as a single *trans*‐diastereoisomer. Importantly, the reaction proceeded with retention of configuration for both the *E*‐ and the *Z*‐cyclopropyl sulfoxides.[39](#ejoc201701030-bib-0039){ref-type="ref"}

To maximize the reactivity of the organometallic species while avoiding degradation, we assessed both the time required for the exchange to go to completion, and the stability of the cyclopropyl Grignard intermediate species. Sulfoxide--magnesium exchange reactions were conducted on cyclopropane **6** using *i*PrMgCl and *i*PrMgCl**·**LiCl,[40](#ejoc201701030-bib-0040){ref-type="ref"} trapping with molecular iodine at --78 °C after different time periods (Figure [4](#ejoc201701030-fig-0004){ref-type="fig"}a).

![a) The effect of using *i*PrMgCl or *i*PrMgCl**·**LiCl on the stability of the cyclopropyl organometallic intermediate after various exchange periods. b) The effect of temperature on the stability of the cyclopropyl organometallic intermediate after various incubation periods.](EJOC-2017-5015-g004){#ejoc201701030-fig-0004}

This study led to several observations i) the exchange was complete in 10 min, ii) the cyclopropyl Grignard reagent was stable for at least 2 hours at --78 °C prior to the addition of the electrophile, and iii) similar yields were obtained for the reactions using *i*PrMgCl and *i*PrMgCl**·**LiCl at each time point, indicating the addition of LiCl did not provide an advantage. Next, we investigated the thermal stability of the Grignard intermediate by conducting the sulfoxide--magnesium exchange with *i*PrMgCl at --78 °C (10 min), then incubating the reaction mixture at either --30, 0 or 25 °C for different time periods, prior to trapping at this temperature (Figure [4](#ejoc201701030-fig-0004){ref-type="fig"}b). Pleasingly, the cyclopropyl intermediate was stable for over 2 h at temperatures up to 0 °C. However, at 25 °C significant decomposition was observed, which corresponded to a reduction of product yield by half after approximately 45 min of incubation, and \<25 % yield after 2 h. Following this study, various electrophiles were investigated, trapping at 0 °C to maximize the reactivity. Both the *E*‐ and the *Z*‐cyclopropyl sulfoxides could be trapped efficiently with I~2~ to generate cyclopropanes **19a** and **20a** (Scheme [4](#ejoc201701030-fig-0010){ref-type="fig"}).

![Scope of electrophiles for the sulfoxide--magnesium exchange, electrophilic trap protocol. \[a\] Trapping with I~2~. \[b\] From the corresponding aldehyde. \[c\] From the corresponding ketone. \[d\] Using benzoyl chloride. \[e\] Using phenylisocyanate. \[f\] Using bis(4‐methoxyphenyl)disulfide. \[g\] Using DMF \[h\] Using (pin)BO*i*Pr. \[i\] Using (EtO)~3~SiCl.](EJOC-2017-5015-g010){#ejoc201701030-fig-0010}

With these exchange conditions in hand, a wide range of electrophiles were examined, intending to generate varied cyclopropane containing structures (Scheme [4](#ejoc201701030-fig-0010){ref-type="fig"}). The Grignard reagent **18** originating from *E*‐cyclopropyl sulfoxide **6** could be trapped efficiently with aliphatic, aromatic and heteroaromatic aldehydes in excellent yields (**19b**--**19d**). Dialkyl, diaryl and diheteroaryl ketones also proceeded in good to excellent yields (**19e**--**19g**). Electrophilic trapping of the cyclopropyl Grignard was observed with benzoyl chloride to give the cyclopropyl ketone (**19h**). Trapping with phenyl isocyanate generated the cyclopropyl amide (**19i**) and trapping with a disulfide gave the corresponding cyclopropyl sulfide (**19j**). Finally, a series of potential cyclopropane building‐blocks were prepared. Trapping with *N*,*N*‐dimethylformamide allowed access to the cyclopropyl aldehyde in an excellent yield (**19k**), an isopropoxy dioxaborolane generated the corresponding cyclopropyl boronic ester (**19l**) and trapping with chlorotriethoxysilane produced the triethoxysilylcyclopropane (**19m**). The Grignard reagent originating from the *Z*‐cyclopropyl sulfoxide could also be trapped with a similar series of electrophiles, generating diversely substituted *cis*‐cyclopropanes. Interestingly, it was observed that with certain aldehyde and ketone electrophiles initial electrophilic attack was followed by lactonization to generate the bicyclic product. Complete lactonization was observed to generate **20b**, **20c** and **20f**, whereas alcohol **20g** was the major product with the dipyridyl ketone electrophile.

Next we explored a sulfoxide--magnesium exchange--Negishi cross‐coupling protocol to form (hetero)aryl cyclopropanes which are important pharmacophores.\[[12c](#ejoc201701030-bib-0012){ref-type="ref"}\] There are no prior examples of cross‐coupling between aryl halides and cyclopropyl organometallics derived from cyclopropyl sulfoxides.\[[21c](#ejoc201701030-bib-0021){ref-type="ref"}\] We employed a protocol similar to that which we recently reported for aziridine sulfoxides,\[[22e](#ejoc201701030-bib-0022){ref-type="ref"}\] and were delighted to observe the successful Negishi cross‐coupling from both *trans* and *cis*‐cyclopropane derivatives with aryl bromides (Scheme [5](#ejoc201701030-fig-0011){ref-type="fig"}).

![Substrate scope for the sulfoxide--magnesium exchange--Negishi cross‐coupling protocol.](EJOC-2017-5015-g011){#ejoc201701030-fig-0011}

The same sulfoxide--magnesium exchange protocol as developed above was used to generate the intermediate cyclopropyl Grignard reagent. A mixture of Pd~2~(dba)~3~, (*t*Bu)~3~P and ZnCl~2~ (1.5 equiv.) in THF was added and the mixture stirred for 1 h at 0 °C followed by the addition of the aryl bromide (2 equiv.). The coupling of bromobenzene proceeded at 25 °C over 15 h to give cyclopropanes **21a** and **22a** in excellent yields. Using the *trans*‐cyclopropyl sulfoxide, 1‐bromo‐4‐chlorobenzene and 2‐bromoanisole both gave high yields of the aryl‐cyclopropanes **21b** and **21c** respectively. Cross‐coupling with β‐bromostyrene gave an excellent yield of the corresponding vinyl cyclopropane **21d**, which would be challenging to form through carbenoid insertion to alkenes. It is notable that Lewis basic sites on electron‐poor heterocycles as well as electron‐rich heterocycles can present difficulties in other cyclopropane strategies, hence heteroaromatic bromides were investigated. Both electron‐poor and electron‐rich heterocycles could be readily incorporated to give pyridine, pyrimidine and indole cyclopropane derivatives **21e**--**21g** respectively. *cis*‐Cyclopropyl sulfoxide **7** also successfully underwent sulfoxide--magnesium exchange--Negishi cross‐coupling with a bromoindole to generate *cis*‐cyclopropane **22h**.

Finally, we chose to further elaborate compounds **21e** and **22h** through the remaining ester functionality (Scheme [6](#ejoc201701030-fig-0012){ref-type="fig"}). From pyridyl cyclopropane **21e**, hydrolysis to give the *E*‐cyclopropyl carboxylate sodium salt **23** followed by amidation with pyrrolidine gave the corresponding cyclopropyl amide **24** in an 82 % yield as a relatively complex yet low molecular weight fragment. Similarly, reduction of indole‐cyclopropyl ester **22h** to the primary alcohol **25** proceeded in a 94 % yield. Both **24** and **25** presented structural features related to biologically active compounds shown in Figure [1](#ejoc201701030-fig-0001){ref-type="fig"}, and were rapidly accessed as interesting fragment and lead‐like motifs.

![Synthesis of bifunctional cyclopropanes by utilizing both synthetic handles.](EJOC-2017-5015-g012){#ejoc201701030-fig-0012}

Fragment and Lead‐Likeness Analysis {#ejoc201701030-sec-0070}
-----------------------------------

The cyclopropane‐containing compounds prepared in this study were designed to possess desirable physicochemical properties and sample new areas of chemical space for medicinal chemistry.[41](#ejoc201701030-bib-0041){ref-type="ref"}, [42](#ejoc201701030-bib-0042){ref-type="ref"} To illustrate the success of this approach the library was assessed against parameters of Alog P vs. M~W~, and molecular shape through a principal moments of inertia (PMI) plot,[43](#ejoc201701030-bib-0043){ref-type="ref"} calculated using the Lead‐likeness and Molecular Analysis (LLAMA) software, developed by Nelson and Marsden.[41](#ejoc201701030-bib-0041){ref-type="ref"} All compounds prepared in this study were included with the exception of those considered reactive building blocks (iodides **19a** and **20a**, aldehyde **19k**, pinacol boronates **19l** and **20l**, and ethoxysilane **19m**).[44](#ejoc201701030-bib-0044){ref-type="ref"} The molecular properties of the 50 included compounds were shown to explore efficiently lead‐like and fragment space (Figure [5](#ejoc201701030-fig-0005){ref-type="fig"}).

![The relationship between ALog P and M~W~ for compounds prepared.](EJOC-2017-5015-g005){#ejoc201701030-fig-0005}

The PMI plot generated from the normalized ratios of principal moments of inertia calculated through LLAMA, showed that the set of compounds possess varied 3‐dimensional structures, sampling chemical space away from the planar rod‐like--disk‐like axis (Figure [6](#ejoc201701030-fig-0006){ref-type="fig"}). The different 3‐dimensional structures of the *E*‐ and *Z*‐diastereoisomers are exemplified by three sets of compounds highlighted.

![PMI plot showing the shape distribution of the synthesized compounds. Some examples have been selected to illustrate the difference between the *E*‐ and *Z*‐diastereoisomers.](EJOC-2017-5015-g006){#ejoc201701030-fig-0006}

The powerful LLAMA software also executes virtual elaboration of the molecular scaffolds and calculates the physicochemical properties of the resulting compounds.[41](#ejoc201701030-bib-0041){ref-type="ref"} This indicates the potential of scaffolds to generate a much wider array of lead‐like or drug‐like compounds through elaboration by common reactions used in medicinal chemistry. The 56 cyclopropanes prepared in this study, including this time those compounds intended as building blocks, were examined as scaffolds in this program. Given the presence of ester functionality in several of the compounds in our study, a slight modification of default decoration inputs was applied, by the addition of an ester hydrolysis reaction option. Using the default set of 44 reactants within LLAMA, and permitting up to 2 reactions on the scaffolds, 1187 cyclopropane‐containing compounds were generated.[45](#ejoc201701030-bib-0045){ref-type="ref"} Of these, 392 examples had a molecular weight less than 300 and 1033 examples had a molecular weight less than 500, indicative of fragment and drug‐like space respectively. A PMI plot of the decorated compounds shows that the full set of elaborated compounds displayed highly varied topologies, and were significantly removed from the often over‐populated region along the rod‐like--disk‐like axis (see Graph S2 in the Supporting Information).[45](#ejoc201701030-bib-0045){ref-type="ref"}

Conclusions {#ejoc201701030-sec-0080}
===========

In conclusion, we have developed a strategy for preparing a diverse range of cyclopropane‐containing fragments, lead‐like compounds and building blocks from a readily accessible cyclopropyl scaffold. An operationally facile and scalable Co^II^‐catalyzed cyclopropanation of phenyl vinyl sulfide was developed to prepare the bifunctional cyclopropyl scaffold. Divergent, orthogonal derivatization of the scaffold has been demonstrated through hydrolysis, amidation, reduction and oxidation reactions, as well as sulfoxide--magnesium exchange protocols. Investigations into the stability of the cyclopropyl Grignard species have led to successful trapping with a broad scope of electrophiles. A sulfoxide--magnesium exchange--Negishi cross‐coupling protocol enables (hetero)aryl rings to be installed directly onto the intact cyclopropane ring. Finally, we have presented the calculated physicochemical properties of the synthesized compounds and of potential derivatives which supports their value as potential screening compounds.

Experimental Section {#ejoc201701030-sec-0090}
====================

**General Experimental Considerations:** All non‐aqueous reactions were run under an inert atmosphere (argon) with flame‐dried glassware using standard techniques. Anhydrous solvents were obtained by filtration through drying columns (THF, CH~2~Cl~2~, toluene, DMF). Where applicable, room temp. denotes a room temperature of approximately 22 °C, and a specifically noted temperature e.g. "stirred at 25 °C" indicates the stated temperature was accurately maintained. Flash column chromatography was performed using 230--400 mesh silica with the indicated solvent system according to standard techniques. Analytical thin‐layer chromatography (TLC) was performed on precoated, glass‐backed silica gel plates. Visualization of the developed chromatogram was performed by UV absorbance (254 nm), aqueous potassium permanganate, vanillin, ninhydrin or *p*‐anisaldehyde stains as appropriate.

Infrared spectra (ν̃~max~, FTIR ATR) were recorded in reciprocal centimeters \[cm^--1^\]. Nuclear magnetic resonance spectra were recorded on 400 or 500 MHz spectrometers. Chemical shifts for ^1^H NMR spectra are recorded in parts per million from tetramethylsilane with the solvent resonance as the internal standard (chloroform: *δ* = 7.27 ppm, DMSO: *δ* = 2.50 ppm). Data is reported as follows: chemical shift \[multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet and br = broad), coupling constant in Hz, integration, assignment\]. ^13^C NMR spectra were recorded with complete proton decoupling. Chemical shifts are reported in parts per million from tetramethylsilane with the solvent resonance as the internal standard \[^13^CDCl~3~: *δ* = 77.0 ppm, (^13^CD~3~)~2~SO: *δ* = 39.5 ppm\]. *J* values are reported in Hz. Assignments of ^1^H and ^13^C spectra were based upon the analysis of *δ* and *J* values, as well as COSY, HSQC, HMBC and NOESY experiments where appropriate. Melting points are uncorrected. Optical rotations (*α*′) were recorded at the indicated temperature (*T* °C) and were converted into the corresponding specific rotations \[*α*\]~D~ ^*T*^. Commercial reagents were used as supplied or purified by standard techniques where necessary. Use of Diazo Compounds: Although we have not experienced any problems in the handling or reaction of diazo reagents, extreme care should be taken when manipulating them due to their potentially explosive nature. Co^II^‐Catalyzed Cyclopropanation: For the Co^II^‐catalyzed procedure, no special precautions were taken to exclude air or moisture from the catalyst during storage or handling. After all reagents were added the reaction vessel was sealed with either a crimp seal microwave vial lid with a septum, or a suba seal and the reaction vessel flushed with Ar~(g)~. Ar~(g)~ flushed, deflated balloons were attached to the flask, so that the total potential volume of the balloons when inflated was greater than the volume of N~2(g)~ evolved from the reaction. On scales where ≥ 10 mmol of diazo compound were used, a precautionary blast shield was placed between the reaction flask and the fume hood sash.

**Supporting Information** (see footnote on the first page of this article): Further details can be found in Supporting Information.

Supporting information
======================
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Supporting Information

###### 

Click here for additional data file.

For financial support, we gratefully acknowledge The Royal Society \[University Research Fellowship (to J. A. B.), and URF Appointed Grant\], the Engineering and Physical Sciences Research Council (EPSRC) \[CAF to J. A. B. (EP/J001538/1), and Impact Acceleration Account (EP/K503733/1)\]. We thank Eli Lilly (UK) and Imperial College London for studentship funding (to S. J. C.). We acknowledge the EPSRC National Mass Spectrometry Facility, Swansea. Thanks to Daniel O\'Reilly for early investigation into ester hydrolysis/amidation. Our special thanks to Benjamin A. Diseroad for the X‐ray derived structures and Craig White and his analytical and separation sciences team.
